ABSTRACT We investigate non-orthogonal unicast and multicast (NOUM) transmission for massive multiple-input multiple-output systems, where only statistical channel state information of all user terminals is available at the base station. We adopt a weighted sum of the achievable ergodic unicast rate and multicast rate as the design objective. We first show the closed-form eigenvectors of the optimal unicast and multicast transmit covariance matrices, respectively, which reveals the optimality of beam domain transmission and simplifies the large-dimensional matrix-valued NOUM transmission design into a beam domain power allocation problem. Via invoking the concave-convex procedure, we, then, propose an efficient iterative beam domain power allocation algorithm with guaranteed convergence to a stationary point. In addition, we derive the deterministic equivalent of the objective in each iteration to further reduce the optimization complexity. Simulation results show that the proposed NOUM transmission can provide a significant performance gain in terms of the achievable ergodic unicast-multicast rate region over the conventional orthogonal approach.
I. INTRODUCTION
Future wireless networks are expected to support unprecedented mobile data traffic. Massive multiple-input multipleoutput (MIMO) systems, which deploys large numbers of antennas at the base stations (BSs) to simultaneously serve multiple user terminals (UTs), are one of the key technologies for future wireless networks due to its high spectral efficiency and energy efficiency [1] - [3] .
Wireless multicast transmission has received tremendous research interest due to the increasing demand of group-oriented applications, e.g., multimedia streaming, satellite communications, cache-enabled cloud radio access networks [4] - [7] . Massive MIMO multicasting is promising in future wireless networks due to the ability of massive MIMO in efficiently shaping the multicast transmission signals and further improve the quality of service [8] .
In conventional cellular networks, unicast services and multicast services are usually allocated with different time/frequency resources. However, such orthogonal unicast and multicast (OUM) transmission is not spectrum-efficient, especially for massive MIMO systems with excessive degrees of freedom in space. Recently, non-orthogonal unicast and multicast (NOUM) transmission, where unicast services and multicast services are allocated with the same time/frequency resources, has received some research interest, see, e.g., [9] - [11] and references therein.
The performance of NOUM transmission is highly dependant on the quality of channel state information (CSI). Most of the existing works on NOUM transmission designs, e.g., [9] - [11] , are based on the assumption that the BS knows instantaneous CSI of all UTs. However, acquisition of instantaneous CSI is rather challenging in massive MIMO due to the pilot overhead [12] - [14] , hardware imperfections [15] , [16] , and other practical limitations. In typical scenarios, statistical CSI varies over much larger time scales than instantaneous CSI. For example, statistical CSI usually varies on the order of second [17] , and the orthogonal frequency division multiplexing (OFDM) symbol length is usually on the order of millisecond [18] . Thus, it is reasonable to assume that statistical CSI can be known by the BS and exploit statistical CSI for NOUM transmission strategy design in massive MIMO. Moreover, new statistical channel properties exhibited in massive MIMO with a larger antenna array can be exploited to facilitate wireless NOUM transmission designs [19] .
A. CONTRIBUTIONS
In this paper, we investigate NOUM transmission for massive MIMO where only statistical CSI of all UTs is known at the BS. The major contributions of this work are summarized as follows:
• For massive MIMO NOUM transmission with only statistical CSI at the BS, we formulate a precoding design problem to maximize a weighted sum of the achievable ergodic unicast rate and multicast rate.
• We show the closed-form optimal unicast and multicast transmit directions, i.e., the eigenvectors of transmit covariance matrices for unicast and multicast transmission, respectively, which indicates that beam domain NOUM transmission is optimal.
• We propose an iterative beam domain power allocation algorithm for NOUM transmission via invoking the concave-convex procedure (CCCP). Our proposed algorithm is guaranteed to converge to a stationary point.
• We derive the deterministic equivalent (DE) of the objective in each iteration of the proposed iterative algorithm to further reduce the optimization complexity.
B. NOTATIONS
Some of the notations adopted in this paper are listed as follows:
• Upper and lower case boldface letters denote matrices and column vectors, respectively.
• R M ×N and C M ×N denote the M × N dimensional real-valued and complex-valued vector space, respectively.
• I N denotes the N × N dimensional identity matrix, and the subscript is sometimes omitted for brevity.
• X 0 denotes that X is positive semidefinite.
• (·) H , (·) T , and (·) * denote conjugate-transpose, transpose, and conjugate operations, respectively.
• The operators tr {·} and det {·} denote the matrix trace and determinant operations, respectively.
• denotes the Hadamard product.
• E {·} denotes the expectation operation.
• CN (a, B) denotes the circular symmetric complexvalued Gaussian distribution with mean a and covariance B.
•
, and [A] :,j to denote the (i, j)th element, the ith row, and the jth column of the matrix A, respectively.
• diag {x} denotes the diagonal matrix with x along its main diagonal.
• denotes ''be defined as'', and ∼ denotes ''be distributed as.''
C. PAPER ORGANIZATION
The rest of the paper is organized as follows. Section II presents the massive MIMO beam domain channel model. Section III investigates NOUM transmission for massive MIMO. Section IV presents the numerical results and Section V concludes the paper.
II. MASSIVE MIMO CHANNEL MODEL
Consider single-cell downlink massive MIMO transmission consisting of one BS, equipped with M antennas, which simultaneously serves K UTs in the same time/frequency resources, where UT k ∈ K {1, 2, . . . , K } is equipped with N k antennas.
Denote by x ∈ C M ×1 the downlink signal transmitted by the BS, the signal received at UT k can be written as
where H k denotes the downlink channel matrix from the BS to UT k, and n k ∼ CN 0, I N k denotes the normalized additive white Gaussian noise.
In this work, we adopt Weichselberger's jointly correlated Rayleigh fading MIMO channel model [20] , [21] , where the channel correlation properties between the transmitter and the receiver are jointly characterized. Specifically, the downlink channel matrix H k in (1) is modeled as follows
where U k ∈ C N k ×N k and V k ∈ C M ×M are deterministic unitary matrices, G k ∈ C N k ×M is a random matrix with zero-mean independent elements. Note that G k is referred to as the downlink beam domain channel [12] , [14] , [19] . The channel statistics of G k can be expressed as
where [ k ] i,j represents the average power of the (i, j)th beam domain channel element [G k ] i,j , and can describe the sparsity of the wireless channels in the beam domain. In addition, the beam domain channel statistics k are independent of the frequency [19] , which can be adopted to facilitate wideband transmission. For massive MIMO channels, the eigenvector matrices of the BS correlation matrices of different UTs tend to be equal to a deterministic unitary matrix V, which only depends on the BS array topology [12] , [14] , [19] . For example, when the uniform linear array (ULA) is equipped at the BS, the deterministic unitary matrix V can be well approximated by the discrete Fourier transform (DFT) matrix [12] , [22] , [23] . Then, the massive MIMO downlink channel matrices can be well approximated by
Note that the above approximation has been widely adopted in previous works and shown to be quite accurate for a practical number of antennas in typical scenarios [12] , [14] , [19] .
A detailed numerical example of the accuracy of the channel model in (4) can be found in [24] . In the rest of this paper, we will adopt the massive MIMO channel model in (4).
III. NOUM TRANSMISSION FOR MASSIVE MIMO A. PROBLEM FORMULATION
Consider the downlink NOUM transmission for massive MIMO, where the BS delivers one common message to all UTs plus dedicated messages to each UT, as shown in Fig. 1 . We focus on the case with only one multicast group in this paper. Then, the downlink transmit signal x in (1) can be written as where x m ∈ C M ×1 and x u k ∈ C M ×1 denotes the multicast signal intended for all UTs and the unicast signal for UT k, respectively. Assume that both the multicast and unicast transmit signals x m and x u k are zero-mean with covariance matrices being Q m and Q u k , respectively, and are mutually uncorrelated. Then, the transmit powers of the multicast signal x m and the unicast signal x u k are given by tr {Q m } and tr Q u k , respectively. The received signal at UT k in (1) can be rewritten as
Via using successive interference cancellation (SIC) at the receiver, each UT decodes its desired signals successively while treating other signals as interference. Assume that the multicast signal is decoded first as the multicast signal usually has a higher priority [9] . During the multicast signal decoding, the interference-plus-noise at the receiver of UT k is given by
Assume that each UT k knows its own instantaneous CSI as well as the interference-plus-noise covariance K m k , then an achievable ergodic multicast rate is given by min
k is an achievable ergodic multicast rate of UT k given by
where (a) follows from (4), Sylvester's determinant identity det {I + AB} = det {I + BA}, and the following definition
Note that A k (X) E G k XG H k defined above is a diagonal matrix-valued function with the output ith diagonal element given by
With SIC at each UT's receiver, the multicast signal is subtracted from the receive signal and each UT decodes its unicast signal [9] . During decoding of the unicast signal, the covariance matrix of the interference-plus-noise at the receiver of UT k is given by
Then an achievable ergodic unicast rate of UT k can be expressed as
where (a) follows from Sylvester's determinant identity det {I + AB} = det {I + BA} and K u k is defined as follows
with A k (X) being defined in (10) .
In the following, we investigate NOUM transmission and our design objective is to determine the multicast and unicast transmit covariance matrices, namely Q m and Q u k for each UT k, so as to maximize a weighted sum of the multicast rate and the unicast rate, which can be formulated as the following problem arg max
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where η ∈ (0, 1) is a weighting parameter and P denotes the power budget at the BS. Note that different from previous works, e.g., [9] - [11] , only statistical CSI is available at the BS in our problem formulation and optimization of Q m and Q u k for each UT k is based on statistical CSI, i.e., k of all UT k. The signal-to-noise ratio (SNR) is defined as P. We first determine the eigenvectors of the optimal multicast and unicast transmit covariance matrices Q m and Q u k for all k in the following proposition.
Proposition 1: The eigenvectors of the optimal multicast and unicast transmit covariance matrices Q m and Q u k (∀k) to problem (14) are all given by the columns of V, i.e.,
where m and u k (∀k) are all diagonal matrices. Proof: Please refer to Appendix A. Proposition 1 shows that both the optimal multicast and unicast signaling directions for NOUM transmission should align with the eigenvectors of the transmit correlation matrices at the BS, which reveals that beam domain transmission can achieve optimal performance in terms of maximizing the weighted sum of the multicast rate and unicast rate.
C. CCCP-BASED POWER ALLOCATION
With Proposition 1, the large-dimensional matrix-valued transmit covariance matrix design for massive MIMO NOUM transmission can be simplified into a beam domain power allocation problem. Specifically, denote m , u 1 , . . . , u K for notational convenience, the NOUM transmit covariance optimization problem in (14) can be simplified to the problem given by (16) as shown at the bottom of this page, without loss of optimality, where
arg max
With an auxiliary variable χ which lower bounds f (16) can be equivalently formulated as (19) , as shown at the bottom of the previous page.
We can observe from (19) that both the objective function and the constraint exhibit the form of the difference of concave functions. Thus, problem (19) is a difference of convex (DC) program. We adopt the CCCP to solve this DC program. The CCCP is a sequential optimization approach, where the idea is to first form a convex optimization program by replacing f − k ( ) and g − k ( ) in (19) with their first-order Taylor expansions, respectively, at the present iteration and then solves it, which further leads to the following iteration. Then, problem (19) is handled by iteratively solving the sequence of optimization problems given by (20) 
respectively. Via omitting the constant terms of the objective function in each iteration, the sequence of optimization problems in (20) can be further simplified to (23) , as shown at the top of this page. According to [25] - [27] , we can obtain the following result of the above CCCP-based sequential power allocation approach for beam domain massive MIMO NOUM transmission.
Proposition 2: The sequence
generated by the proposed CCCP-based sequential power allocation approach for beam domain massive MIMO NOUM transmission in (23) monotonically converges to a stationary point of the problem in (16) .
D. DE-BASED POWER ALLOCATION
If the expectation operation involved in calculating the weighted sum rate is manipulated via Monte-Carlo methods, the computational complexity of the convex optimization problem in (23) in each iteration can still be prohibitively high. Via invoking the large-dimensional random matrix theory [28] , [29] , we further calculate the DE of the objective in each iteration. In particular, the DE of f
where m k , m k , and m k can be calculated by solving the following fixed-point equations
with B k (X) and C k (X) both being diagonal matrix-valued functions and the corresponding ith diagonal elements are given by
respectively. Similarly, the DE of g (23) can be derived as follows
where u k , u k , and u k can be calculated by solving the following fixed-point equations
Compared with the Monte-Carlo method, the DEs can be calculated in a few iterations with a quite high accuracy. Via replacing f [28] , [29] . In addition, as F + k ( ) and G + k ( ) are both concave with respect to , each sub-problem in (30) is convex and can still be efficiently solved using classic convex optimization tools. We present the description of our proposed beam domain power allocation algorithm for massive MIMO NOUM transmission using CCCP and DE in Algorithm 1. 
using (24), (28), and (16) Calculate R ( ) using (31) 7: end while 8: Return = ( )
IV. SIMULATION RESULTS
We provide simulation results to illustrate the performance of the proposed NOUM transmission for massive MIMO with statistical CSI at the BS. We adopt the 3GPP SCM suburban macro-cell propagation model [30] . The ULAs with half wavelength antenna spacing are equipped at both the BS and the UTs. The number of UTs is set as K = 8, and the UTs are uniformly distributed in the cell. The major simulation setup parameters are listed in Table 1 . We first evaluate the convergence performance of the proposed beam domain power allocation algorithm for massive MIMO NOUM transmission. We can observe from Fig. 2 that the proposed power allocation algorithm converges quickly after several iterations for different values of SNRs. In addition, the iteration converges more quickly in the low SNR regime than in the high SNR regime, which indicates that power allocation might provide rate performance gains in the high SNR regime for NOUM transmission. We then compare the performance of the NOUM transmission with conventional OUM transmission. Via adjusting the weighting parameter η, we obtain the achievable ergodic unicast-multicast rate region of the NOUM transmission. Both the Monte-Carlo results and the DE results are evaluated. We can observe from Fig. 3 that the DE results are quite tight for different SNRs and weighting parameters. In addition, the proposed NOUM transmission can provide significant performance gains over the conventional OUM transmission. Specifically, for the case with η = 0.4 and SNR being 5 dB, the proposed NOUM transmission can provide approximately 45% multicast rate gain and 16% unicast rate gain over the conventional OUM transmission.
V. CONCLUSION
In this paper, we have investigated non-orthogonal unicast and multicast (NOUM) transmission for massive MIMO where only statistical CSI of all UTs is known at the BS. Our design goal was to maximize a weighted sum of the achievable ergodic unicast rate and multicast rate. Based on a massive MIMO beam domain channel model, we first showed the closed-form transmit directions for optimal unicast and multicast transmission, i.e., the eigenvectors of the unicast and multicast transmit covariance matrices, respectively, which simplifies the large-dimensional matrix-valued NOUM transmission design into a beam domain power allocation problem. We then proposed an efficient iterative power allocation algorithm with guaranteed convergence to a stationary point based on the CCCP and DE. We demonstrated the performance gains of the proposed NOUM transmission over the conventional OUM transmission via simulation results.
APPENDIX A PROOF OF PROPOSITION 1
From (10), we can observe that the off-diagonal entries of X will not affect the value of A k (X). Thus, the values of K m k in (9) and K u k in (13) for all k are not related to the off-diagonal entries of V H Q u k V for all k . Then, using a proof approach similar to that in [31] , we can show that V H Q m V should be diagonal to maximize R m k in (8) for all k, and V H Q u k V should be diagonal to maximize R u k in (12) for arbitrary k ∈ K. Moreover, the transmit power tr {Q m }+ k∈K tr Q u k is only related to the diagonal entries of V H Q m V and V H Q u k V for all k. Therefore, we can obtain that Q m and Q u k for all k should all be diagonal to maximize the objective of problem (14) 
